INTRODUCTION
Recent advances in genomics have resulted in the generation of complete genomic sequences for a large number of organisms. The challenge now is to reliably annotate genes and regulatory elements and to determine functions of gene products. Functional annotation can be assisted by a variety of computational biology methods, such as analyses of gene occurrence, neighborhood, expression, and fusion (14, 15, 20, 48, 49) . In addition to these sequence-independent methods, motif and structural analyses can yield information about protein function, but only if information is already available for other similar proteins that bear these features.
Analyses of protein sequences, on a genomic scale, for previously defined functional motifs, as well as previous direct biochemical experiments, revealed a significant number of proteins that bind micronutrients, including proteins that contain metals (Zn, Fe, Ca, Mg, Cu, Co, Mn, V, Ni, Mo, W) and other trace elements (Se, B). Trace elements have been adopted by biological systems because they provide proteins with unique coordination, catalytic, and electron transfer properties. These properties have been employed by organisms in key functions in a variety of pathways, resulting in dependence of organisms on several trace elements. In turn, trace elements can govern an organism's nutritional strategies and its evolution.
Trace elements occupy important sites in proteins, often being present as catalytic species or serving key structural functions. Therefore, the ability to identify trace element-containing proteins in genomic databases and to pinpoint the location of trace elements in proteins can greatly assist in functional annotation. Moreover, unique chemical properties of metals and other trace elements, their central locations with respect to protein function or structure, the availability of isotopes and, in many cases, the ability to manipulate their redox or coordination behavior can be exploited in a variety of ways using biophysical and spectroscopic techniques.
Analyses of full sets of trace element-containing proteins in organisms, however, have not been possible due to a lack of reliable computational tools for their identification. One exception is the recent analyses of complete or nearly complete sets of selenium-containing proteins in eukaryotes, including humans (11, 36, 40, 43, 50) . In this review, we discuss these advances and describe how characterization of selenoproteomes can be exploited to improve our understanding of the biological functions of selenoproteins, the biomedical role of selenium, and the evolution of selenocysteine. We then discuss potential strategies for identification of proteins containing other trace elements.
SELENIUM-CONTAINING PROTEINS
Selenoproteins contain selenium in the form of selenocysteine (Sec). This amino acid is inserted into proteins cotranslationally in response to the UGA codon (6, 13, 30, 42, 47, 63) . UGA differs from most of the other 63 codons in that it has a dual function: In addition to Sec insertion, UGA dictates the termination of protein synthesis. Other known dual uses of codons include AUG that codes for the initiation of protein synthesis and the internal insertion of methionine, and UAG, which was recently shown to code for pyrrolysine in certain archaea (29, 62) . The use of UGA for Sec insertion is widespread in nature and has been described in bacteria (5, 6) , archaea (57) (58) (59) , and eukaryotes (13, 26, 30, 47) . However, because the termination of protein synthesis is by far the most common function of UGA, available gene annotation programs interpret UGA only as stop. As a result, selenoprotein open reading frames (ORFs) have been misannotated or completely missed by gene prediction programs.
Selenoproteins typically contain only a single Sec residue, which is conserved among orthologous selenoproteins (30, 63). In functionally characterized proteins, Sec is always present at enzyme active sites. In addition, selenoproteins with known function have been observed to catalyze redox reactions. In spite of the essential function of Sec in selenoproteins, homologs (and even orthologs) in which the place of Sec is occupied by cysteine can be found in the same or other organisms (25) (Figure 1 ). However, Cys homologs are typically 10-fold to 1000-fold less active than selenoproteins (4, 63) . The higher activity of Seccontaining proteins may be due to the unique ionization and redox properties of Sec.
The key role of Sec in catalysis by Sec-containing proteins makes selenium an essential trace element for many life forms, including humans. Disruption of Sec insertion in Sec tRNA knockout mice causes embryonic lethality (7). Low dietary intake of selenium results in decreased levels of selenoproteins, which compromises various physiological processes. Selenium plays important roles in decreasing cancer incidence (12) , enhancing male reproduction (69) , and supporting immune function, and has been implicated in slowing the aging process (30, 56) . Selenoproteins are most likely responsible for most of the known biomedical effects of dietary selenium. Thus, information on a complete set of selenoproteins in various organisms, including humans, would provide the means for the systematic analyses of selenoprotein functions, help identify segments of the human population that may benefit most from dietary selenium supplements, and provide insights into disorders involving selenoprotein malfunction.
The essential component that distinguishes the Sec or stop function of UGA codons is the presence of an RNA stem-loop structure, designated the Sec insertion sequence (SECIS) element, in the 3 -untranslated region of eukaryotic mRNAs (3, 71) (Figure 2 ). In archaea, SECIS elements are also present in the 3 -untranslated regions (58, 59, 73) , whereas in bacteria, these structures are located in coding regions, immediately downstream of Sec UGA codons (32, 45, 46, 60, 67) . However, eukaryotic, archaeal, and bacterial SECIS elements, while conserved within individual domains of life, have no similarities to each other in terms of either conserved primary sequences or secondary structures (47) .
The eukaryotic SECIS element is composed of two helices, internal and apical loops, and a quartet of non-Watson-Crick base pairs (13, 42, 47, 71) (Figure 2) . The large apical loop can form an additional mini-helix that stabilizes the loop, Figure 1 Organization of selenoprotein genes. Selenoprotein genes have in-frame UGA codons that code for selenocysteine (Sec) and RNA structures, Sec insertion sequence (SE-CIS) elements. In eukaryotes and archaea, SECIS elements are located in 3 -UTRs (upper and middle gene structures), whereas in bacteria they are present immediately downstream of UGA (not shown). Homologous selenoproteins conserve the UGA codon (compare upper and middle gene structures). Most selenoproteins also have homologs, in which cysteine (encoded by TGT or TGC) occupies the position of Sec (lower gene structure). Genes encoding Cys homologs do not have SECIS elements. Organization of selenoprotein genes suggested two methods for identification of these genes: by searching for SECIS elements (or pairs of orthologous SECIS elements in closely related genomes), and by searching for selenoprotein/Cys-containing protein homologous pairs. and this has been the basis for separation of SECIS elements into type 1 (without the mini-helix) and type 2 (with the mini-helix) structures. The primary sequences of more than 95% mammalian SECIS elements contain an adenosine preceding the quartet, a TGA. . .GA motif in the quartet, and two adenosines in the apical loop or bulge (Figure 2 ). In addition, in two mammalian selenoprotein genes, the AA in the apical loop is replaced with CC (34, 40).
The mechanism of Sec insertion has been characterized in detail in bacteria (6) , whereas some components of the Sec insertion machinery in eukaryotes and archaea are still missing (13, 42, 74) . In bacteria, SECIS elements bind Secspecific elongation factor SelB, which in turn recruits Sec tRNA (6) . In archaea and Figure 2 Eukaryotic consensus SECIS element. This element includes two helices and internal and apical loops. In addition, a quartet of non-Watson-Crick base pairs is located at the base of the upper helix. The UGA. . .GA sequence in the quartet is strictly conserved in eukaryotic SECIS elements, whereas the A that precedes the quartet and the AA in the apical loop are conserved in most, but not all, eukaryotic SECIS elements.
eukaryotes, the function of SelB is carried out by two proteins, SECIS-binding protein 2 (SBP2) and elongation factor EFSec, which form a complex, designated selenosome, in a Sec tRNA-dependent manner (13, 74) . Sec tRNA is aminoacylated with serine, which is then converted to Sec by Sec synthase using selenophosphate, a selenium donor compound (28, 63) . The identity of archaeal and eukaryotic Sec synthases is not known.
STRATEGIES FOR IDENTIFICATION OF SELENOPROTEIN GENES
The presence of conserved 3 -UTR RNA structures and cysteine-containing homologs provides the basis for two independent bioinformatics methods for selenoprotein identification. The first method can be used to identify selenoprotein genes by searching for SECIS elements; initial identification of these structures is followed with analysis of regions upstream of SECISes for ORFs containing conserved in-frame UGA codons ( Figure 3 ). The second method can take advantage of the fact that most selenoprotein genes have homologs that contain cysteine in place of Sec ( Figure 4 ). These homologs are often catalytically inefficient compared to selenoproteins but their presence allows an organism to avoid dependency on the supply of the trace element selenium (25, 26, 30, 63) .
IDENTIFICATION OF SELENOPROTEINS BY SEARCHING FOR SECIS ELEMENTS
In 1999 two groups independently developed initial programs that could search for candidate SECIS elements in nucleotide sequences (36, 43) . The application of these programs to mammalian EST collections identified three new selenoprotein genes, which subsequently were demonstrated to be true selenium-containing proteins in studies involving incorporation of 75 Se by metabolic labeling of cells. These studies marked the first examples of gene identification by searching for RNA structures on a genomic scale. The algorithm that was utilized by one of the programs, SECISearch (36), involved three steps:
1. A collection of nucleotide sequences was searched for the weak SECIS primary sequence consensus: ATGA/11-12 nucleotides/AA/18-27 nucleotides/ GA ( Figure 2 ); 2. Candidate sequences selected in the first step were analyzed for the SECIS element secondary structure consensus (helixes I and II and internal and apical loops); and 3. Free energies of candidate structures were evaluated.
This program adopted PatScan to recognize SECIS element primary sequences and secondary structures consensuses and Vienna RNA package RNAfold to evaluate separately the free energies of the structures for helix I plus internal loop and helix II plus apical loop regions of the putative SECIS element.
Subsequently, the SECISearch program was significantly improved and became sufficient to analyze smaller eukaryotic genomes. The computational screen of the entire Drosophila genome using this program resulted in identification of three selenoproteins: selenophosphate synthetase 2 (SPS2), G-rich, and BthD (50) . Independently, the fruit fly genome was analyzed by the Geneid-based program (11) , which identified the same set of selenoprotein genes, suggesting that both programs were advanced enough to analyze the entire animal genome. SECISearch was also applied to scan the nematode C. elegans genome (24 and unpublished data) and the green alga Chlamydomonas EST database (52) . These experiments allowed a first view of eukaryotic selenoproteomes (see below).
However, the SECISearch and Geneid methods, even when combined, were not sufficient in identifying selenoprotein genes in larger sequences, such as mammalian genomes, because of their size and complexity. Therefore, a new approach was developed that was capable of identifying an entire set of human selenoprotein genes (40) . The new program was organized as follows ( Figure 3 ):
1. Candidate SECIS elements were identified in the human genome with SECISearch 2.0. The new version of the program, like the initial SECISearch, analyzed structural and thermodynamic features of SECIS elements; however, improvements in every step and better understanding of SECIS elements made it ∼10-fold more selective (with the same specificity) than the original version of SECISearch.
2. Human/mouse and human/rat SECIS pairs were identified with a blastnbased program, which analyzed evolutionary conservation of mammalian SECIS elements. This program was the key to the successful analysis of the human genome. It was based on the observation that human, mouse, and rat SECIS elements in orthologous selenoprotein genes exhibited detectable sequence similarity. This step alone provided an increase of ∼100-fold in the specificity of genomic searches. 3. Genomic sequences upstream of candidate SECIS elements were scanned with Geneid, a gene prediction program that identified ORFs with high coding potential and with in-frame TGA codons. 4. Predicted human selenoprotein genes were analyzed with mammalian selenoprotein gene signature (MSGS) criteria (38) . These criteria screened selenoprotein homologs for the presence and conservation of genes, in-frame TGA codons, and SECIS elements.
Application of this algorithm to human, mouse, and rat genomes (40) identified 16 previously known selenoproteins (including those identified by the computational screen of EST databases) and 6 new selenoprotein genes (Table 1) . Only two previously known mammalian selenoproteins were not found by these procedures. This was because the available human genome sequence did not contain the SPS2 gene. In addition, the thioredoxin reductase 2 [also known as thioredoxin/glutathione reductase (64, 65)] gene contained a SECIS version with a noncanonical nucleotide that preceded the quartet. Finally, the 25th selenoprotein, glutathione peroxidase 6 (GPx6), was identified in the human genome by homology searches. The computational screen did not find this gene because rodent orthologous genes encoded cysteine-containing proteins and therefore had no SECIS elements. Apparently, mouse and rat GPx6 genes replaced Sec with Cys, as evidenced by the presence of the remnant of the SECIS element in the mouse GPx6 3 -UTR (40) .
Subsequent experiments involving metabolic labeling of cells with 75 Se confirmed Sec insertion into newly identified selenoproteins. Further statistical analyses suggested that the computational screens identified all or almost all selenoproteins common to human and rodent genomes. Thus, these studies established that the human selenoproteome consists of 25 selenoproteins, whereas mouse and rat selenoproteomes have 24 selenoproteins, and that these numbers likely represent complete sets of selenoprotein genes in these organisms (40) .
SECIS-INDEPENDENT SEARCHES OF HUMAN SELENOPROTEIN GENES
An independent method for selenoprotein identification was also developed (Figure 4) (40) . This method was based on the observation that most selenoproteins have homologs, in which Cys is present in place of Sec (25, 38) . Thus, the search strategy of this SECIS-independent method was to identify selenoprotein genes by finding their homologs, in which Cys corresponded to the UGA codon ( Figure 1 ). This Sec/Cys homology method was applied to the human genome independently of the SECIS-based searches (40) . First, all predicted human ORFs that contained in-frame TGA codons were identified with Geneid. The ORFs were then extended from TGA to the next terminator signal and analyzed by blastp and tblastn against all proteins that were previously predicted in completely sequenced eukaryotic genomes. This method was designed to identify pairs of sequences with homology in TGA-flanking regions, which either conserve TGA or replace TGA with TGC or TGT (cysteine codons). Second, all human proteins were analyzed against all human ESTs to identify paralogs containing TGA in place of a cysteine codon. These two Sec/Cys homology approaches recognized the majority of selenoprotein genes that were found through searches for SECIS elements, but did not identify additional selenoproteins, and thus provided further evidence that all or almost all mammalian selenoproteins were identified in the human genome.
HUMAN SELENOPROTEOME
The use of bioinformatics methods described above identified 10 new human selenoprotein genes in genomic and EST databases (34, 36, 39, 40, 43, 54). All of these were either incorrectly predicted or not detected at all in available human genome assemblies/annotations (e.g., Celera, NCBI, and Golden Path) (33, 41, 70). Analysis of organization of selenoprotein genes revealed that Sec was located in these proteins either upstream of an α-helix or very close to the C-terminus. Among the 10 new selenoproteins, GPx6 was a homolog of previously known mammalian glutathione peroxidases, whereas the C-terminal domain of SelV was homologous to SelW. Other new selenoproteins did not have known selenoprotein homologs and were validated by metabolic 75 Se labeling of cells that were transfected with selenoprotein constructs.
Several new selenoproteins exhibit interesting expression patterns. For example, the GPx6 mRNA was only detected in embryos and olfactory epithelium, whereas the SelV mRNA was expressed only in seminiferous tubules in testes (40) . In addition, analysis of predicted secondary structures suggested that most human selenoproteins were globular proteins, with the exception of SelK, SelI, and SelS, which were predicted (and later demonstrated for SelK and SelS) to be plasma membrane proteins (40) .
EUKARYOTIC SELENOPROTEOME
The number of selenoprotein genes in completely sequenced eukaryotic genomes varies from zero to more than two dozen. Whereas the human selenoproteome has 25 known proteins (Table 1) , the mouse and rat genomes encode only 24 of these proteins. The difference is due to GPx6, which is a selenoprotein in humans (and pigs), but a Cys ortholog in mice and rats (40) .
On the other hand, neither SECISearch-based methods nor searches for homologs of Sec insertion machinery genes identified selenoproteins in Arabidopsis thaliana, Saccharomyces cerevisiae, and Schizosaccharomyces pombe. Thus, it appears that higher plants and yeast do not have the ability to insert Sec because they either lost selenoproteins during evolution or retained these proteins by replacing Sec with Cys. However, a member of the plant kingdom, green alga Chlamydomonas reinhardtii, has multiple selenoprotein genes (currently 10 known selenoproteins), suggesting that higher plants and yeast lost Sec independently (52, 55) .
Compared to vertebrates, invertebrates have a small number of selenoproteins. For example, D. melanogaster genome codes for three selenoproteins (SPS2, Grich, and BthD) (11, 50) . It appears that these selenoproteins are responsible for the essential role of selenium in the fruit fly. C. elegans has only one known selenoprotein (thioredoxin reductase), which contains a single Sec residue (24 and unpublished data). Thus, it is possible that the entire machinery required for Sec insertion into protein is utilized for inserting a single residue into one protein in C. elegans. Whether Se is essential for nematodes is not known.
The largest numbers of selenoprotein genes appear to be in fish. For example, we identified more than 30 selenoprotein genes in zebrafish by homology analyses and searches of zebrafish dbEST with SECISearch (37; G.V. Kryukov & V.N. Gladyshev, unpublished data). This multiplicity of selenoprotein genes resulted from gene and genome duplications, which were followed by the retention of new selenoprotein genes. It was found that one zebrafish selenoprotein P gene (selenoprotein Pa) contained two SECIS elements and encoded a protein containing 17 Sec residues, the largest number of Sec residues found in any known protein (37). Zebrafish also had a second selenoprotein P gene (selenoprotein Pb), which contained one SECIS element and encoded a protein with a single Sec. These data revealed that the utilization of Sec is more common in fish than in mammals and perhaps in most other species. Interestingly, duplicated copies of fish selenoprotein genes, even those that are highly homologous to each other, exhibited distinct (and sometimes opposing) spatial and temporal expression patterns during embryogenesis in zebrafish (68) . The reason why a greater number of selenoprotein genes occur in fish is not known, but could include the availability and relatively constant levels of selenium in seawater.
EVOLUTION OF SELENOCYSTEINE INSERTION
As described above, predicted secondary structures and Sec locations in human selenoproteins divided selenoproteins into two groups. In the first group, Sec was located upstream of an α-helix in αβ domains and often was in close proximity to Cys as part of thioredoxin-like thiol-disulfide oxidoreductase motifs. In the second group, Sec was present in C-terminal extensions of other known domains. These observations suggest a mechanism for selenoprotein evolution. It appears that in organisms with a functional Sec insertion system, new selenoproteins genes evolve by replacement of a low pKa catalytic cysteine with Sec or by gene extension such that terminator or 3 -UTR TGA becomes a Sec codon.
In the former scenario, the Sec-for-Cys mutation coupled with generation of a SECIS element in the 3 -UTR enhances protein catalytic function, and the presence of a Sec-flanking α-helix may be viewed as a structural relic of accommodating a cysteine thiolate (35). With pKa ∼5.5, Sec is completely ionized under physiological conditions and is a preferred residue in many redox enzymes.
In the second scenario, ORF extension may result in a new protein function. For example, animal thioredoxin reductase appeared to evolve from glutathione reductase such that the C-terminal selenotetrapeptide in the extension replaced glutathione as a substrate for the enzyme (53) . Selenoprotein genes are also subject to evolutionary pressure to replace Sec with a more abundant amino acid. This may result in lineage-specific losses of selenoproteins or replacing Sec with Cys if the presence of Sec is no longer essential (e.g., mouse GPx6). The described view on selenoprotein evolution illustrates a dynamic process of steady accumulation of selenoprotein genes under selective evolutionary pressure of removing the Sec insertion machinery. This mechanism may provide tools to identify or design redox proteins, whose activity will be improved by replacing catalytic Cys with Sec.
STRATEGIES FOR IDENTIFICATION OF OTHER TRACE ELEMENT-ASSOCIATED PROTEINS
Can one use methods developed for characterization of selenoproteomes to identify metal-containing proteins? A direct application of these methods is difficult because metals are not inserted into proteins cotranslationally and RNA structures do not indicate their presence. However, understanding the properties of metalcontaining proteins, and in particular, the chemistry of their binding to protein ligands, resulted in development of numerous metal-binding motifs and patterns (or motifs/patterns for cofactors that bind metals).
These bioinformatics features provide the basis for a number of commercial and public tools, which by analyzing conserved protein domains and protein functions provide predictions for sequences of interest. These tools, for example, include PROSITE, a database of protein families and domains (http://us.expasy.org/prosite/) (16, 21) (66) ; and CDART, conserved domain architecture retrieval tool (www.ncbi.nlm.nih.gov/) (72) . There is also a database that contains metalloproteins with known structures (http://metallo. scripps.edu/) (10) .
Some of these tools use patterns, which are occurrences of specific clusters of amino acids in protein sequences. Patterns cover small, typically highly conserved regions of amino acid sequences and thus could be used for identification of proteins with high similarity. In addition, entire functional domains could be described based on multiple sequence alignment profiles, even if primary sequence conservation is low (8, 9, 27) . Profile is a matrix of position-specific amino acid weight and gap costs, which describes similarity among sequences. For example, the PROSITE database contains a combination of Hidden Markov Model-like profiles and sequence patterns. At present, this database contains 1235 documentation entries that describe 1676 different patterns and profiles, and thus could be used for identification of metal-binding proteins with excellent sensitivity and selectivity.
PROSITE patterns and profiles were developed for proteins that contain zinc, iron, copper, magnesium, calcium, cobalt, nickel, molybdenum (together with tungsten), manganese, and vanadium (numbers of PROSITE patterns and profiles that describe metal-containing and metal-binding proteins are shown in Table 2 ). In some of these patterns and profiles, amino acids that are directly involved in metal coordination were identified using structural data and mutagenesis data. Cysteine and histidine appear to be the amino acids that are most often coordinate metals (23), although they do not bind all metals.
The results of application of available PROSITE motifs and patterns for metalbinding proteins to completely sequenced genomes (D.E. Fomenko & V.N. Gladyshev, unpublished) are shown in Table 3 . In contrast to the studies on selenoproteins, these numbers do not reflect the actual numbers of metal-containing proteins present in genomes. This is because PROSITE patterns do not describe all metal-binding motifs, and in addition, some of them could have a low falsepositive rate. Moreover, many protein databases do not contain full sets of proteins encoded in genomes and may contain some pseudogenes and duplicated entries. However, the PROSITE searches can even now reveal the extent of the use of specific metals in various genomes. For example, it is clear that the use of metals in proteins increased during evolution of eukaryotes (evidenced by the increase in the number of metal-containing proteins). However, the increase is not proportional for each metal. Clearly, the use of Ca and Cu, and especially Zn, increased, whereas the use of Fe, Ni, Mg, Mo, and Co was not significantly changed or even decreased during evolution from simple organisms to mammals ( Table 3) . The increased use of zinc in eukaryotic proteins, however, uncovers a problem of reliable identification of these proteins. Zinc is often coordinated by cysteines, but these residues are also often used for intermolecular or intramolecular disulfide bond formation (22) . For example, out of 77 available zinc-binding protein patterns, 36 patterns contain at least one cysteine, including 30 patterns containing at least one CxxC motif (two cysteines separated by two other amino acids). Likewise, iron-binding proteins are described in 74 patterns, 31 of which contain at least one cysteine, including 15 that are present in the form of the CxxC motif.
The CxxC motif is also a major redox motif in thiol/disulfide oxidoreductases, and two cysteines in this motif are directly involved in disulfide bond formation, reduction, or isomerization (17) (18) (19) . At present, there are no reliable criteria for distinguishing between redox and metal-binding CxxC motifs. However, whereas the redox potential of CxxC motifs in thiol/disulfide oxidoreductases is finely tuned to perform specific redox functions, metal coordination is likely less influenced by residues that flank cysteine. In addition, the thiol/disulfide function requires only two cysteines, whereas four ligands are often used for metal coordination. These properties might be useful in developing algorithms for distinguishing metalbinding and thiol-dependent redox proteins. Cysteine is one of the least abundant, but most conserved, amino acids in proteins. Similarly, the presence of conserved histidines in proteins is also scarce. Thus, the presence of closely located conserved cysteines and histidines, separately or in combination, could also potentially be used to distinguish these proteins from thiol/disulfide oxidoreductases.
CONCLUSIONS
We are witnessing a dramatic increase in the application of bioinformatics tools to answer questions about the use of trace elements in biology. A full set of selenocysteine-containing proteins is now known for several eukaryotic genomes, providing important information about biological functions of selenium. It should be possible to extend bioinformatics methods to identify selenoproteins in most other completely sequenced genomes of eukaryotes, archaea, and bacteria, and to link specific selenoproteins with biological functions of selenium.
The use of bioinformatics methods for characterization of metalloproteomes lags behind that of selenoproteomes. This is because specific tools for identification of metal-binding proteins require further development. However, searches for metal-containing proteins are possible through motif, pattern, and profile searches. While the use of these tools is currently insufficient in detecting all metal-containing proteins, these approaches can already be extremely useful in assessing relative compositions of metalloproteomes, and in many situations, can provide a nearly complete set of proteins that bind a specific metal in an organism.
As the content of genomic and protein databases grows and the bioinformatics tools for identification of trace element-containing proteins become more refined, there is every reason to believe that most of these proteins can be identified in completely sequenced genomic databases within the next few years. These studies will be essential in fully understanding the roles that trace elements play in biology.
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Figure 3
An algorithm for a SECIS element-based search for selenoprotein genes. Selenoprotein genes are identified by searches for SECIS elements (or by searches for pairs of homologous SECIS elements in large, evolutionarily close genomes).
Figure 4
An algorithm for a Sec/Cys pair-based search for selenoprotein genes.
